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1
VAPOR-ETCH CYCLIC PROCESS
BACKGROUND
Contemporary DRAM-based memory devices have

become increasingly dense as the desire for more memory
storage increases. Opening cell contacts 1n the devices has
been a challenge 1n DRAM functionality. With each succes-
sive generation, the “open challenge™ increases as design
rules shrink.

By recessing an oxide (e.g., S10,) of a recessed-access
device (RAD) formed over active area (AA) silicon, more
surface area for polysilicon deposition 1s exposed and better
contact 1s achieved. However, traditional wet-fluorinated
chemistries do not have a sufliciently high-level of oxide-
over-nitride selectivity that 1s needed. Historically, the sur-
face cleanliness of a silicon water could be achieved by
using hydrofluoric (HF) acid (aqueous based) or buflered
HF-solutions (e.g., buflered oxide-etch (BOE) chemistry
types). These wet chemistries leave a hydrogen-bonded
surface that 1s stable at room temperature, but only for a
short period-of-time. During the short time period, a good
s1licon-to-silicon interface 1s possible. However, HF-based
chemicals do not have the required selectivities with regard
to silicon nitride 1solation structures (for example, a silicon
nitride layer that may surround a digit line 1n a memory
device, such as DRAM memory). Selectivities of greater
than 50:1 (oxide-to-nitride) are desired to keep the nitride
layer intact. Otherwise, the electrical performance of the
device 1s negatively impacted. Typically, oxide-to-nitride
selectivity ratios for contemporary HF-based chemicals
range from 10:1 to 40:1 depending on concentration, addi-
tives, and temperature. Therefore, alternative process meth-
ods are necessary for good cell contact Formation. Further,
although various vapor-etch processes have been developed.,
contemporary processes are still incapable of oxide-to-
nitride selectivity ratios of greater than 50:1 as 1s needed.

BRIEF DESCRIPTION OF DRAWINGS

Various ones of the appended drawings merely illustrate
exemplary embodiments of the present invention and cannot
be considered as limiting 1ts scope.

FIG. 1A shows an enlarged view of an exemplary cell
contact area of a memory device as etched by various types
of wet-etch and plasma-etch processes of the prior art;

FIG. 1B shows an enlarged view of an exemplary cell
contact area of a memory device as etched by the vapor-etch
cyclic process of the disclosed subject matter;

FIG. 2A shows an exemplary embodiment of a chemical
oxide-removal (COR) device;

FIG. 2B shows a post-etch heat treatment (PHI) device;

FIG. 3A shows a reaction of NH; and HF gas adsorbed
onto a silicon dioxide (S10,) surface of an S10, feature;

FIG. 3B shows an energy diagram for various combina-
tions of reactant gases with S10,;

FI1G. 4 shows a cross-section 401 of a portion of a DRAM
device near a cell contact area;

FIG. 5 shows an exemplary calibration curve developed
for an etch process in the COR device of FIG. 2A;

FIG. 6 shows an exemplary oxide-to-mitride selectivity
ratio graph for oxide removal and nitride removal as a
function of time;:

FIG. 7 shows an exemplary oxide-to-nmitride selectivity
graph showing removal rates, in A, of oxide and nitride as
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2

a function of the number of 10-second cycles (iterations)
between the COR device 200 and the PHT device 230 of

FIGS. 2A and 2B;

FIGS. 8 A-8D show diflerences between 1mitial tests with
variable processing times and the number of iterative cycles;

FIG. 9 shows an exemplary tlow chart to implement the
vapor-etch cyclic process method of the disclosed subject
matter; and

FIGS. 10A-10F show an exemplary application of the
vapor-etch cyclic process of the disclosed subject matter in
forming a horizontal Gate-All-Around (GAA) transistor.

DETAILED DESCRIPTION

As disclosed herein, a vapor-etch cyclic process was
developed. The vapor-etch cyclic process consists of two-
portions. In an example DRAM process, a first portion of the
vapor-etch cyclic process etches an oxide, such as RAD
oxide with high selectivity to nitride by exposing a substrate
to hydrogen fluoride (HF) plus ammonia (NH;) reactant
gases; and i a second portion of the vapor-etch cyclic
process, removing resulting reaction products and other
by-products produced from the process of the first portion.
The wvapor-etch cyclic process 1s repeated iteratively
between the first portion and the second portion until oxide
removal targets are met. The vapor-etch cyclic process 1s a
highly selective process and 1s a key enabler to form the
necessary oxide recess to help mitigate cell contact 1ssues.
Further, this highly selective process facilitates forming
contacts at advanced process nodes and design rules not
feasible with conventional wet processing operations. As
discussed below, 1n observed sample processes utilizing wet
processing, cell contact opens are contemporaneously at a
100% {failure rate. In various experiments, the failure rate
was reduced to 20%, or less, with the vapor-etch cyclic
process disclosed herein. The vapor-etch cyclic process will
be described herein in the context of recessing a contact
opening in a RAD DRAM structure. However, as will be
apparent to persons skilled in the art having the benefit of
this disclosure, the described process may be utilized in
forming other types of memory devices and forming other
types ol semiconductor devices in which improved etch
selectivity of oxide relative to nitride 1s beneficial.

With reference now to FIG. 1A, an enlarged view of an
exemplary cell contact area 100A of a memory device as
ctched by various types of wet-etch and plasma-etch pro-
cesses of the prior art 1s shown. The cell contact area 100A
1s shown to include a conductive line 103 encapsulated by a
spacer nitride 101. The conductive line 103 and the spacer
nitride 101 are formed over a first oxide 105A. In a specific
exemplary embodiment, the first oxide 105A may be a dense
tetracthyl orthosilicate (TEOS) or other type of oxide known
to a person of ordinary skill in the art of semiconductor
fabrication. The first oxide 105A, 1n turn, was previously
formed over active area (AA) silicon 107A and a second
oxide 109A. In a specific exemplary embodiment, the sec-
ond oxide 109A 1s a dense spin-on dielectric (SOD) 109A.

As further shown 1n FIG. 1A, only a relatively small area
111 A of the AA silicon 107A 1s exposed. A skilled artisan
will recognize that additional etching will expose more of
the AA silicon 107A. However, the increased etching wall
also reduce a size of the spacer nitride 101 surrounding and
insulating conductive line 103. In extreme cases, the AA
silicon 107 A will not be sufliciently exposed for subsequent
processes. Subsequent processes of formation of additional
cell contacts (not shown) in DRAM manufacturing require
deposition of polysilicon onto the AA silicon 107A. Forming
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a low-resistance contact area requires a larger portion of the
AA silicon 107A to be exposed. Additional problems that
can occur with extended etching as practiced 1n the prior art
are discussed below.

For example, contact failures are usually associated with
high resistance at later-formed polysilicon-to-AA silicon
interfaces. The high resistance 1s due, at least 1n part, to
various oxide layers (e.g., a RAD oxide layer and a native
oxide layer) that remain on the AA. The oxide layers need
to be removed due to, for example, spatial restrictions for the
cell contact structure. Therefore, one goal of increased-
density memory devices 1s to ellectively remove oxide
layers with suflicient selectivity to other exposed matenals,
such as silicon nitride. A specific goal 1in the specific
application of RAD device etching 1s to increase the surface
area of the AA available for contacting subsequently-depos-
ited polysilicon.

Referring now to FIG. 1B, an enlarged view of an
exemplary cell contact area 100B of a memory device as
ctched by the vapor-etch cyclic process disclosed herein 1s
shown. In comparison with FIG. 1A, FIG. 1B shows a
significantly increased etching 113 of both the first oxide
1058 and the second oxide 109B. The increased etching
produces an undercut of the first oxide 105B below the
conductive line 103 and the spacer nitride 101. However, as
also noted in FIG. 1B, there i1s little to no noticeable
reduction 1n the nitride spacer 101. Since the vapor-etch
cyclic process has a much higher selectivity ratio (oxide-to-
nitride), oxides etch much more rapidly than nitrides. The
observed undercut 1s due to the 1sotropic nature of the
vapor-etch cyclic process, as described 1n more detail below.

Due to the increased etching of the first oxide 105B and
the second oxide 109B, a larger area 111B of AA silicon
1078 1s exposed compared with the small area 111 A of the
AA silicon 107A of FIG. 1A. The increased exposed area
allows for both an increase in the percentage of AA silicon
areas exposed as well as an increase in AA silicon contact
area for later deposition of polysilicon to form, for example,
digit lines.

Further, as discussed below in more detail, there are a
variety of other oxide types to which the vapor-etch cyclic
process may be applied. The oxide-to-mitride selectivity
rat10 1s largely independent of oxide type.

FIG. 2A depicts an example embodiment of a chemical
oxide-removal (COR) device 200 used with the first phase of
the disclosed vapor-etch cyclic process; while FIG. 2B
depicts an example embodiment of a post-heating-treatment
(PHT) device 230 used with the second phase of the dis-
closed vapor-etch cyclic process. One example of a suitable
process tool for performing the vapor-etch cyclic process 1s
the Certas™ system, manufactured by Tokyo Electron Lim-
ited (TEL), Akasaka Biz Tower, 3-1 Akasaka 35-chome,
Minato-ku, Tokyo, Japan.

The COR device 200 of FIG. 2A 1s shown to include a first
gas 1nlet 201, a second gas ilet 203, a gas mixing chamber
205, a vapor-phase chamber 207, and exhaust ports 211. In
vartous embodiments, ammonia gas, NH;, and hydrogen
fluoride, HF, reactant gases itroduced into the COR device
200 through the first gas mlet 201 and the second gas inlet
203. The two gases are mixed in the gas-mixing chamber
205 prior to entering the vapor-phase chamber 207 as
gaseous vapors in a non-plasma-based reaction. The gaseous
vapors then interact with the surface of the substrate 209
(e.g., a semiconductor wafer), micro-etching the surface of
the substrate 209 as the NH; and HF gaseous vapors adsorb
on the surface of the substrate. Variables such as NH; and
HF partial pressure, dilution gas (e.g., Ar and N,) partial
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pressure, and overall pressure, contribute to aflecting the
etch rate and oxide-to-nitride selectivity ratios for various
materials.

The substrate 209 1s typically heated to within a tempera-
ture range of from about 20° C. to about 80° C., although
other temperatures and temperature ranges are discussed 1n
more detail below. Controlling or changing the temperature
of the substrate 209 allows for additional process control,
such as slowing down the etch rate with increasing tem-
perature.

The reaction of the gases with the surface i1s discussed
below with regard to FIGS. 3A and 3B for a substrate 209
in the form of a silicon water having, for example, silicon
dioxide (S10,) teatures formed thereon. Brietly however, the
reactant gases, NH; and HF, react with the S10, producing
(NH,),S1F, (ammonium hexatluoro silicate or AFS) as a
reaction product. The AFS reaction product 1s evaporated in
a second process step, discussed below, 1n a post-etch heat
treatment. Referring again to FIG. 2A, after the mnitial
process 1s completed, all or substantially all of the remaining
gases and gaseous vapors are pumped out through the
exhaust ports 211.

Referring now to FIG. 2B, after the mnitial etch process
that occurred 1 the COR device 200 1s completed, the
substrate 209 1s transferred to a post-etch heat treatment
(PHT) device 230. The PHT device 230 1s shown to include
a PHT chamber 231, a substrate heater 233, and exhaust
ports 235. In one embodiment, heat 1s applied to the sub-
strate 209 1n to heat the substrate 209 to a temperature within
a range from about 100° C. to about 200° C. Other tem-
peratures and temperature ranges are discussed below. Heat-
ing the substrate 209 produces nitrogen (N, ), water (H,O),
silicon tetrafluonide (SiF,), and NH,. Each of these mol-
ecules 1s volatile and evaporate from the surface of the
substrate 209. Consequently, the PHT device 230 evaporates
and removes all or substantially all of the AFS reaction
product and other by-products produced from reaction of the
substrate 209 with the etchant vapors, NH, and HF, 1n the
COR device 200.

Although not shown explicitly, the person of ordinary
skill 1n the art will recognize that it may be possible to
perform all operations in a single chamber. In this embodi-
ment, the COR device 200 and the PHT device 230 of FIGS.
2A and 2B, respectively, are integrated as a single device. In
this exemplary embodiment, the substrate does not transier
from the COR device 200 to the PHT device 230. Instead,
the substrate remains on a stage (chuck) i the single,
integrated device, Fach of the separate process steps
described herein with regard to the COR device 200 and the
PHT device 230 are performed in the single, integrated
device with evacuations of the single chamber as needed
between the two portions of the vapor-etch cyclic process.

In various exemplary embodiments, pressure ranges in the
COR device 200 can vary from about 20 mT to about 200
mT or higher. The average time of the substrate in the
vapor-phase chamber during the first portion of the cycle can
vary from about 4 seconds to about 20 seconds or more. A
temperature of the stage on which the substrate 209 1s placed
can vary from about 25° C. to about 45° C. or higher. Gas
volumetric flow rates 1n the COR device 200 can vary from
about 30 sccm to about 100 sccm or higher. HF volumetric
flows rates can also vary from about 30 sccm to about 100
sccm or higher.

In various exemplary embodiments, pressure ranges 1n the
PHT device 230 can vary from about 100 mT to about 3000
mT or higher. The substrate heater 233 temperature can vary
from about 100° C. to about 300° C. or higher. A total time
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of the substrate 209 1n the PHT device 230 can vary from
about 30 seconds to about 150 seconds or more.

The person of ordinary skill in the art, upon reading and
understanding the disclosure presented herein, will recog-
nize that additional pressures, temperatures, and flows out-
side of these ranges may be optimal for other types of
devices or device configurations and geometries. Based on
the disclosure presented, the skilled artisan can tailor these

various parameters to find a combination of, for example,
temperatures and pressures, that work well for a given
device type or structure.

Tables 1A and 1B, below, provide examples of a specific
exemplary embodiment in the form of a process recipe.

TABLE 1A

Exemplary Process Recipe for the COR Device 200

Time in Step [sec]

60 30 10 35 5 20
Chamber Pressure [mT] 2000 2000 20 20 0 0
N> [sccm] 1500 1500 0 0 0 0
NH; [sccm] 0 80 80 80 80 0
HE [sccm] 0 0 0 80 0 0
Ar [sccm] 200 200 68 68 200 0
TABLE 1B
Exemplary Process Recipe for the PHT Device 230
Time 1n Step [sec] 5 30 10 30
Chamber Pressure [mT] 2000 2000 675 0
N> [scem] 2000 750 750 0

As indicated with reference now to FIG. 3A, below, when
the substrate 209 1s a silicon water with S10, features,
various molecules are removed during the heat treatment.
The heat treatment releases, for example, silicon tetrafluo-
ride (S1F,), NH;, HF, and H,O vapor. Each of these mol-
ecules, and residual N, Ar, or other dilution gases, 1s then

either subsequently or continuously evacuated substantially
from the PHT chamber 231 through the exhaust ports 235.

As described 1in more detail below, the substrate 209 1s then
transferred back to the COR device 200 at least once, and,
in some embodiments, a number of times, until oxide
removal targets are achieved. The number of times the
two-part process of the vapor-etch cyclic process 1s iterated
depends on a number of factors, as described below.

FIG. 3A shows a reaction of NH, and HF gas adsorbed
onto an S10, surface of an S10, feature 301. As shown, after
the HF and NH; molecules are adsorbed to the surface of the
S10, feature, they react forming (NH,),S1F, (AFS as 1ndi-
cated above). Note that plasma-phase chemistry 1s not
required for this reaction; therefore, the vapor phase of NH,
and HF gases 1s sutlicient for the reaction to proceed.

FIG. 3B shows an energy diagram for various combina-
tions of reactant gases with S10,. With concurrent reference
to FIG. 3B, a first reaction at “1” considers S10, reacting,
with 4HF. Accordingly, at a transition state 303, and coupled
with 1.04 eV activation energy at energy transition 305, the
reaction occurs as:

S10,+4HF (with an activation energy of 1.04

eV)—S1F,+2H,0 (Reaction 1)

A second reaction at “2” considers S10, reacting with
4HF and 4NH,, and coupled with 0.49 eV activation energy
at energy transition 307, the reaction occurs as:
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S10,+4HF+4NH, (with an activation energy of 0.49

eV)—=SiF,+2H,O+4NH; (Reaction *27)

Consequently, there 1s a decreased activation energy with
the addition of NH; of 0.49 eV as compared with the
activation energy of 1.04 eV {for the first reaction without
NH,.

A third reaction at *“3” considers the SiF, formed as part
ol a reaction product:

S1F4+2HE+2NH;—(NH,),S1F, (Reaction “3”)

However, as noted above, the two-step process 1s 1terated

at least once, and possibly a number of times, between the
COR device 200 and the PHT device 230 of FIGS. 2A and
2B, respectively. The reason for the iteration can be under-
stood more readily with reference to FIG. 4.

FIG. 4 shows a cross-section 401 of a DRAM device near
a cell contact area (see also the description of the cell contact
areca with reference to FIGS. 1A and 1B, above). Near the
lower portion of the cross-section 401, the AFS reaction
product 405 (i.e., near the RAD oxide formations of FIGS.
1A and 1B) has eflectively blocked additional reactions with
the oxides from reactant gases 403. As discussed above, the
gases react with the exposed silicon oxide to form the
reactant product, (NH,),S1F., (the AFS reaction product
405). Consequently, due to the presence of the AFS reaction
product 403, the reactant gases 403 (e.g., the HF and NH,
vapors) can no longer interact with the various oxides near
the bottom of the trench (e.g., near the AA silicon). There-
fore, the AFS reaction product 405 must first be removed
prior to additional oxide etching occurring. Hence, the
iterative process between the COR device 200 and the PHT
device 230. The oxides are etched 1n the COR device 200
until the reaction slows sufliciently (exemplary times are
discussed below). Once production of the reaction product
has slowed, the substrate 209 1s removed from the COR
device 200 and transierred to the PHT chamber 230 to
remove the AFS. Once the AFS 1s removed, the substrate
209 1s transferred again to the COR device 200 to remove
additional oxides. The iterative process continues until an
oxide removal target has been reached. The oxide removal
target will depend on a number of factors such as thicknesses
of various levels of oxide overlaying the AA silicon, design
rules of the device (e.g., smaller design rules will limit the
oxide etches more quickly than devices with larger design
rules, allowing having larger openings, and a number of
other factors known to a person of ordinary skill in the art
upon reading and understanding the disclosure provided
herein).

FIG. 5 shows an exemplary calibration curve 300 devel-
oped for an etch process 1 the COR device 200 (FIG. 2A)
for a pressure of 40 mT at 35° C. The exemplary calibration
curve 500 shows oxide removal, in A, as a function of time.
As can be seen graphically and as discussed above with
reference to FIG. 4, the oxide removal rate slows as time
1ncreases.

With continuing reference to FIG. 5, two different oxide
etch curves are shown; a first curve 503 for a first type of
oxide and a second curve 503 for a second type of oxide. As
indicated by the exemplary calibration curve 500, different
types of oxides etch fairly uniformly and consistently with
the reactant gases mtroduced nto the COR device 200 (FIG.
2A), particularly within the range of between approximately
15 and 30 seconds of etching. Experimental results have
shown close to a 1:1 selectivity ratio between diflerent oxide
types (for example, within a range of approximately 0.8:1 to

1.3:1).
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The first 503 and second curves 305 are measured and
graphed as a step 1n developing a complete process recipe
and compared with an oxide removal target 501. In this
exemplary embodiment, the oxide removal target is 70 A.
For example, several curves can be developed at different

pressures, temperatures, design rules, and oxide types to
determine a desired time 1n which the substrate 209 is etched
in the COR device 200, prior to transier to the PHT device
230 (see FIG. 2B).

In various experimental trials, researchers discovered, for
example, that oxide removal rates increased with an increase
in the pressure (e.g., from about 40 mT to about 100 mT) 1n
the vapor-phase chamber 207 of the COR device 200 (FIG.
2A). However, there was a linear increase in the nitride etch
rate as well, resulting in a lowered oxide-to-nitride selec-
tivity ratio. Further, removing oxides at a higher rate also
produced the reactant product, AFS, at a faster rate as well.
Therefore, for a particular DRAM process at a given set of
design rules, the highest oxide-to-nitride selectivity ratio,
only as a function of pressure (held at a constant tempera-
ture) in the vapor-phase chamber 207, was selected to be
about 40 mT. However, other device types, design rules,
oxide types, etc. will benefit from graphing results for
differing chamber pressures.

FIG. 6 shows an exemplary oxide-to-nmitride selectivity
ratio graph 600 for oxide removal (curve 601) and nitride
removal (curve 603) as a function of time using the disclosed
vapor-etch cyclic process. In various other cases (not
shown), selectivity oxide-to-nitride selectivity ratios of
greater than about 50:1 have been achieved based on various
processing factors such as reactant gas flow rates, etch times,
number of 1iterations between etch and post-etch heat treat-
ment, and other factors discussed herein. Based on results
achieved with various combinations of times, temperatures,
pressures, cycles (iterations), and so on, the researchers
foresee oxide-to-nitride selectivity ratios of up to about 80:1
or greater. In some examples, greater selectivity may come
at a cost of a greater number of 1iterations than would be
preferred. In some examples, the researchers have experi-
mented with 1terations between the COR device 200 and the
PHT device 230 of 2 cycles, 4 cycles, 8 cycles, and 12 cycles
and determined oxide-to-nitride selectivity ratios based on
the number of iterations in addition to other parameters
discussed herein, Critical dimension (CD) measurements
also confirmed that oxide removal rates (and oxide-to-nitride
selectivity ratios) were increasing measurably with a higher
number of cycles. Also, etching along the sidewalls of the
AA silicon increased, thereby improving the surface area of
the contact. Further, the number of “open” cell contacts
significantly improved with increasing cycle numbers pro-
viding an indication of more eflicient oxide removal and an
improved interface between the AA silicon and a subsequent
polysilicon deposition.

Additionally, for different processes and semiconductor
device types, the amount of undercut desired (see FIG. 1B)
may also be a consideration in addition to the exposed
amount of the AA silicon.

For example, FIG. 7 shows an exemplary oxide-to-nitride
selectivity graph 700 showing removal rates, in A, of oxide
(curve 701) and nitride (curve 703) as a function of the
number of 10-second cycles (iterations) between the COR
device 200 and the PHT device 230 (see FIGS. 2A and 2B).
In one example, the researchers obtained an oxide etch of
about 10 A per cycle. Depending on a particular device
structure, an oxide etch of about 8 A per cycle to about 12
A per cycle may provide a good balance between speed of
oxide removal and control of an amount of oxide removed.
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Overall, the researchers discovered that the oxide-to-nitride
selectivity ratio generally increased with an increase 1n the
number of cycles. Further, the 10 seconds-per-cycle indi-
cated better spacer nitride (e.g., spacer nitride 101 of FIGS.
1A and 1B) preservation than processes performed at
15-seconds per cycle and above. This increased spacer
nitride preservation at 10 seconds-per-cycle 1s likely due to
an AFS saturation at the bottom of the contact (see the AFS
reaction product 405 of FIG. 4). In the case of longer
times-per-cycle, reactants are still present above the AFS
reaction product 405 and alongside of the spacer mitride 101,
allowing etching of the nitride to continue without further
ctching of the oxides.

FIGS. 8 A-8D show diflerences between 1mitial tests with
variable processing times and the number of iterative cycles.
For example, FIG. 8 A shows a top view 800 of memory cells
ctched for a longer period-of-time with a low number of
cycles that resulted 1n visible residuals left 1n the contacts as
noted within area 801. FI1G. 8B shows an enlarged portion of
the area 801, indicating that residuals were retained 1n at
least one of the contacts. In this case, the vapor-etch cyclic
process was run with an etch pressure of 40 m'T with three
cycles of 20 seconds each.

In contrast to FIG. 8A, FIG. 8C shows a top view 810 of
memory cells etched for a shorter period-of-time than the
memory cells of F1IG. 8A with a higher number of cycles that
resulted i no residuals left 1n the contacts as noted within
arca 811. FIG. 8D shows an enlarged portion of the area 811,
indicating that no residuals were retained 1 any of the
contacts. In this case, the vapor-etch cyclic process was run
with an etch pressure of 40 m'T, but with six cycles of 10
seconds each. FIGS. 8A-8D confirm that an increased num-
ber of cycles, at a lower time per cycle, yield better results
for this particular device configuration. Although not con-
firmed experimentally, as the number of iterations increase
significantly past 12 cycles, with reduced per cycle times,
the oxide-to-nitride selectivity ratio 1s expected to increase
turther. Obviously, there are practical considerations to be
considered as well. Consequently, a decrease 1n process time
for a given cycle, coupled with increase 1n the number of
cycles, reduced the amount of any residual significantly. As
indicated by FIGS. 8C and 8D, the amount of residuals 1n
individual cell contacts was clearly reduced with shortening
the process time and increasing the number of cycles. Any
remaining residuals are easily cleaned with, for example,
very short 300:1 HF aqueous-based processes, which does
not pose a problem for mitride loss.

FIG. 9 shows an exemplary tlow chart 900 to implement
the vapor-etch cyclic process method of the disclosed sub-
ject matter. The flow chart 900 begins at operation 901. At
optional operation 903, calibration graphs or related tests
may be performed to determine oxide-to-nitride selectivity
ratios. These graphs are developed in accordance with the
detailed description provided herein. The graphs are devel-
oped for a particular device (e.g., a memory device or other
clectronic circuit) at a given design rule with specific
geometrical considerations. The graphs may include, for
example, the oxide-to-nitride selectivity ratio as a function
of chamber temperature, chamber pressure, substrate tem-
perature, etch times, a cycle (iteration) number, reactant gas
and dilution gas flow rates, and other factors as discussed
above.

With concurrent reference to FIGS. 2A and 2B, at opera-
tion 905, the substrate 209 1s placed within the COR device
200 and exposed to selected etchant vapors (e.g., NH; and
HF) for a predetermined amount of time. At operation 907,
either concurrently with or following the substrate etch, all
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or substantially all of the etchant gases and dilution gases are
then evacuated from the vapor-phase chamber 207.

At operation 909, the substrate 209 1s removed from the
COR device 200 and transierred to the post-etch heat
treatment (PHT) device 230. At operation 911, the substrate
1s placed on the heater 233 within the PHT chamber 231 and
heated to a predetermined temperature for a predetermined
amount of time. At operation 913, either concurrently with
or following the substrate heat treatment, all or substantially
all of the reaction products and dilution gases are evacuated
from the PHT chamber 231.

At operation 915, 1n an embodiment, an optional verifi-
cation step 1s performed to as whether all predetermined
cycles have been performed (e.g., 10 cycles). In other
embodiments, the optional operation 913 1s not performed.
Instead, a determination 1s made at operation 917 whether
the target oxide etch removal level has been reached. Various
types of metrology tools known in the art may be used to
make the oxide removal level determination. Critical dimen-
sion (CD) measurements can be used, 1n conjunction with
the graphical processes discussed above, to determine an
optimal process for a given device configuration. For
example, the CD measurements can include measurements
of a remaining RAD oxide “foot” (serving as an indicator of
the eflectiveness of RAD oxide removal), a nitride cap
height (serving as an indicator of the process oxide-to-
nitride selectivity ratio), and nitride spacer thicknesses (also
an 1ndicator of the process oxide-to-nitride selectivity ratio).
Additionally, a cross-section CD SEM or TEM measurement
may be determined by examining one or more of the devices
from either an actual product substrate or a test substrate. If
a determination 1s made that the target has been reached, the
process ends at operation 921. Alternatively, 11 the target has
not been reached as determined by operation 917, the
process continues back to operation 903 to etch the substrate
again. In other embodiments, operation 917 1s not performed
and the process ends at operation 921 once the number of
determined cycles has been performed. If operation 917 1s
not performed, and 11 all cycles have not been completed as
determined by operation 915, then the process continues
back to operation 905 to etch the substrate again. In various
embodiments, the oxide-to-nitride selectivity ratio may be
predetermined to approximate a number of iterations
expected for the vapor-etch cyclic process prior to beginning
the method.

A person of ordinary skill 1n the art will appreciate that,
for this and other methods (e.g., use of the disclosed
vapor-etch cyclic process on other types of electronic
devices) disclosed herein, that, unless indicated otherwise,
the activities forming part of various methods may be
implemented 1 a diflering order, as well as repeated,
executed simultaneously, or with various elements substi-
tuted one for another. Further, the outlined acts and opera-
tions are only provided as examples, and some of the acts
and operations may be optional, combined into fewer acts
and operations, or expanded into additional acts and opera-
tions without detracting from the essence of the disclosed
embodiments.

With reference now to FIGS. 10-10F, an exemplary
application of the vapor-etch cyclic process of the disclosed
subject matter (e.g., as disclosed above and by FIG. 9) 1s

shown for forming a horizontal Gate-All-Around (GAA)
transistor. Such a GAA transistor device 1s known 1n the art.
However, formation of a GAA transistor by the techniques
and methods disclosed herein 1s new and novel.

FIG. 10A 1s shown to include a plan view 1000 and a
three-dimensional (3D) view 1002 of a channel stack used in
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the GAA transistor device. The 3D view 1002 1s shown to
include, from an uppermost level of the portion shown, a
first dielectric level 1001A, a first semiconductor level

1003 A, a second dielectric level 1005A, a second semicon-
ductor level 1003A, and a third dielectric level 1007A. In

various embodiments, each of the dielectric levels may be
comprised of any of the dielectric materials described
herein. Additionally, the semiconductor levels may be com-
prised of any of the semiconductor materials (e.g., elemental

or compound) described herein. In a specific exemplary
embodiment, the second dielectric level 1005A and the third
dielectric level 1007A may be comprised of an oxide (of one
or more types) and the first dielectric level 1001 A may be
comprised of a material different from either the second or
third dielectric levels. For example, the first dielectric level
1001 A may be formed from a material having different etch
characteristics from either the second or third dielectric

levels. In various embodiments, the first dielectric level

1001 A may be comprised of silicon nitride (S1,N ) and the
second dielectric level 1005A and the third dielectric level
1007A may each comprise S10,. In various embodiments,
cach the two semiconductor levels may comprise a different
semiconductor material. In a specific exemplary embodi-
ment, the semiconductor levels 1003 A each may comprise,
for example, silicon.

Retferring now to FIG. 10B, a plan view 1010 and a
three-dimensional (3D) view 1012 of the channel stack 1s
shown. Top layers of the channel stack have been patterned
and etched to begin forming multiple channels from the first
and second semiconductor levels 1003 A of FIG. 10A. FIG.
10B 1s shown to include an etched first dielectric level
1001B, etched first and second semiconductor levels 1003B,
and an etched second dielectric level 1005B. Techniques for
patterning and etching various levels are well-known 1n the
art. Also, although not shown 1n FIG. 10B, a portion of an
uppermost surface of the third dielectric level 1007A may
also be etched.

In FIG. 10C, a plan view 1020 and a three-dimensional
(3D) view 1032 of the channel stack 1s shown after turther
processing. A fourth dielectric material 1009A 1s deposited
or otherwise formed to surround the patterned and etched
materials of FIG. 10B. The fourth dielectric material 1009 A
may be comprised of one or more of the various dielectric
materials described herein. However, 1n various embodi-
ments, the fourth dielectric material 1009 A 1s comprised of
a material with different etch characteristics than the mate-
rial comprising the first dielectric material 1001B. For
example, 1n one specific exemplary embodiment, the fourth
dielectric material 1009A 1s comprised of S10,. The skilled
artisan will recognize that many other types of dielectric
material or materials can be used as well. Once the fourth
dielectric material 1009A 1s formed, a chemical-mechanical
planarization (CMP) step may be performed to planarize an
uppermost portion of the stack of FIG. 10C.

In FIG. 10D, a plan view 1030 and a three-dimensional
(3D) view 1032 of the channel stack 1s shown. The fourth
dielectric material 1009A of FIG. 10C has been partially
ctched by, for example, a patterning and etching process to
form an etched fourth dielectric level 1009B. The patterning
and etching process 1s also used to remove a portion of the
ctched first dielectric level 1001B of FIG. 10C that overlays
the first semiconductor level 1003B, thereby forming a
turther etched first dielectric level 10010. The pattering and
etching process also etches at least an uppermost portion of
the third dielectric level as well, forming an etched version

of the third dielectric level 1007B.
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Referring to FIG. 10E, a plan view 1040 and a three-
dimensional (3D) view 1042 1s shown where the vapor-etch
cyclic process described by the exemplary flow chart of FIG.
9 and as otherwise disclosed herein has been employed to
remove remaining portions of the etched second dielectric
level 1005B of FIG. 10D that are not at least partially
surrounded by the etched fourth dielectric level 1009B.
Additionally, a portion of the etched version of the third

dielectric level 1007B of FIG. 10D, that formerly was

immediately below the etched second semiconductor level
1003B, has been etched by the vapor-etch cyclic process,

thereby forming a turther etched version of the third dielec-

tric level 1007C.

In FIG. 10F, a plan view 1050 and a three-dimensional
(3D) view 1052 shows that exposed portions of the etched
first and second semiconductor levels 1003B have been
enclosed by a gate dielectric 1011 formed around channels
tormed by the semiconductor levels. As 1s known to a person
of ordinary skill in the art, the gate dielectric 1011 fully
wraps around the formed channels to increase control of the
current flow therein during operation of the GAA transistor
device.

As mentioned above, the disclosed subject matter may be
employed 1n other semiconductor device fabrication
sequences, or even 1n the fabrication sequences of allied
industries such as flat panel displays, optical recording
substrates, thin film head development, as well as a variety
of other substrate types known 1n various arts. For example,
in memory and other device types, various types of oxide
materials, such as tantalum pentoxide (Ta,O;), aluminum
oxide (Al,O,), hatntum oxide (HIO,), or a variety of other
dielectric or ceramic materials may be used as an alternative
to or 1n conjunction with silicon dioxide 1n its various forms
discussed herein.

The present disclosure is therefore not to be limited in
terms of the particular exemplary embodiments described in
this application, which are merely intended as illustrations
of various aspects. Many modifications and variations can
be made, as will be apparent to a person of ordinary skill in
the art upon reading and understanding the disclosure pro-
vided herein. Functionally equivalent methods and appara-
tuses within the scope of the disclosure, 1n addition to those
enumerated herein, will be apparent to a person of ordinary
skill 1n the art from the foregoing descriptions. Portions and
features of some embodiments may be included in, or
substituted for, those of others. Many other embodiments
will be apparent to those of ordinary skill in the art upon
reading and understanding the description provided herein.
Such modifications and variations are mtended to fall within
a scope of the appended claims. The present disclosure is
therefore to be limited only by the terms of the appended
claims, along with the full scope of equivalents to which
such claims are entitled. It 1s also to be understood that the
terminology used herein 1s for the purpose of describing
particular embodiments only and 1s not intended to be
limiting.

Moreover, as used herein, the term “or’” may be construed
in an inclusive or exclusive sense unless otherwise explicitly
noted or operationally defined. Additionally, although vari-
ous exemplary embodiments described above focus on vari-
ous general and specific exemplary embodiments, the
embodiments are merely given for clarity 1 disclosure, and
thus, are not limited to a particular type or design of a
DRAM device, or even to memory devices in general.
Moreover, as used herein, the term “exemplary” refers to
one example or a set of examples only, and should not
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necessarily be construed as the preferred or best way to
implement portions of the disclosed subject matter.

The Abstract of the Disclosure 1s provided to allow the
reader to quickly ascertain the nature of the technical dis-
closure. The abstract 1s submitted with the understanding
that 1t will not be used to interpret or limit the claims. In
addition, 1n the foregoing Detailed Description, 1t may be
seen that various features or operations are grouped together
in a single embodiment for the purpose of streamlining the
disclosure. This method of disclosure 1s not to be interpreted
as limiting the claims. Thus, the following claims are hereby
incorporated into the Detailed Description, with each claim
standing on its own as a separate embodiment.

What 1s claimed 1s:

1. A method of selectively etching oxides over nitrides in
a vapor-etch cyclic process, the method comprising;:

in a first portion of the vapor-etch cyclic process:

exposing a substrate having oxide features and nitride
features formed thereon to selected etchants m a
vapor-phase chamber under conditions to etch the
oxide features with selectively relative to the mitride
features;

transierring the substrate to a post-etch heat treatment
chamber; and

heating the substrate to remove etchant reaction prod-
ucts from the substrate; and

in a second portion of the vapor-etch cyclic process:

transierring the substrate from the post-etch heat treat-
ment chamber to the vapor-phase chamber;

exposing the substrate to the selected etchants 1n the
vapor-phase chamber under conditions to etch the
oxide features with selectively relative to the mitride
features;

transierring the substrate to the post-etch heat treatment
chamber; and

heating the substrate to remove additional etchant reac-
tion products from the substrate.

2. The method of claim 1, wherein a first of the selected
ctchants 1s ammonia (NH,).

3. The method of claim 1, wherein a second of the selected
ctchants 1s hydrogen fluoride (HF).

4. The method of claim 1, further comprising mixing the
selected etchants 1n a gas mixing chamber prior to the
selected etchants entering the vapor-phase chamber.

5. The method of claim 1, wherein a volumetric gas flow
rate of the selected etchants entering the vapor-phase cham-
ber 1s from about 30 sccm to about 100 sccm.

6. The method of claim 1, wherein a pressure 1n the
vapor-phase chamber Is maintained within a range from
about 20 m'T to about 200 mT.

7. The method of claim 1, wherein a pressure in the
vapor-phase chamber Is maintained at about 40 mT.

8. The method of claim 1, wherein a stage 1n the vapor-
phase chamber on which the substrate 1s placed 1s main-
tained within a temperature range from about 20° C. to about
80° C.

9. The method of claim 1, wherein a stage in the vapor-
phase chamber on which the substrate 1s placed 1s main-
tained within a temperature range from about 25° C. to about
45° C.

10. The method of claim 1, wherein an average time of the
substrate in the vapor-phase chamber during the first portion
of the process varies within a range from about 4 seconds to
about 20 seconds.

11. The method of claim 1, wherein a pressure in the
post-etch heat treatment chamber 1s maintained 1n a range

from about 100 mT to about 3000 mT.
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12. The method of claaim 1, wheremn a stage in the
post-etch heat treatment chamber on which the substrate 1s
placed 1s maintained within a temperature range from about
100° C. to about 300° C.
13. The method of claim 1, wherein an average time of the
substrate 1n the post-etch heat treatment chamber during the
second portion of the process varies within a range from
about 30 seconds to about 150 seconds.
14. The method of claim 1, wherein etching of the
substrate occurs in a non-plasma-based reaction.
15. A method of selectively etching oxides over nitrides 1n
a vapor-etch cyclic process, the method comprising:
determining a number of cycles 1n the vapor-etch cyclic
process, the number of cycles being at least two 1tera-
tions of a substrate including oxide features and nitride
features being exposed to etchants in a vapor-phase
chamber followed by being heated 1n a post-etch heat
treatment process, the substrate having oxide features
and nitride features formed thereon;
exposing the substrate to ammonia (NH,) and hydrogen
fluoride (HF) etchants in the vapor-phase chamber 1n a
first portion of the vapor-etch cyclic process under
conditions to etch the oxide features with a threshold
degree of selectively relative to the nitride features;

heating the substrate to remove etchant reaction products
from the substrate 1n a second portion of the vapor-etch
cyclic process; and

repeating the first portion and the second portion of the

vapor-etch cyclic process for a remainder of the deter-
mined number of cycles.

16. The method of claim 15, further comprising evacuat-
ing substantially all etchant gases from the vapor-phase
chamber prior to beginning the post-etch heat treatment
process.

17. The method of claim 15, further comprising evacuat-
ing substantially all etchant reaction products from the
vapor-phase chamber prior to beginning additional opera-
tions ol exposing the substrate to the ammoma (NH;) and
the hydrogen fluoride (HF) etchants.

18. The method of claim 15, wherein the first portion and
the second portion of the vapor-etch cyclic process are
performed 1n a single vapor-phase chamber.

19. The method of claim 15, wherein the oxide features
and the nitride features formed on the substrate define a
portion of a DRAM memory cell.

20. A method of selectively etching oxides over nitrides in
a vapor-etch cyclic process, the method comprising:

exposing a substrate having oxide features and nitride

features formed thereon to selected etchants in a first
portion of the vapor-etch cyclic process; and
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heating the substrate to remove etchant reaction products
from the substrate 1n a second portion of the vapor-etch
cyclic process;

wherein oxide features are etched relative to the nitride

features at a selectively of at least 50:1.

21. The method of claim 20, further comprising:

determining whether a target oxide etch level has been

reached; and

repeating the first portion and the second portion of the

vapor-etch cyclic process for at least one additional
cycle until the target oxide etch level 1s reached.

22. The method of claim 21, further comprising prede-
termining an oxide-to-nitride selectivity ratio of the vapor-
etch cyclic process prior to performing the method to
approximate a number of iterations expected for repeating
the first portion and the second portion of the vapor-etch
cyclic process.

23. The method of claim 21, further comprising;

determining an amount of oxide etch per each cycle of the
vapor-etch cyclic process; and
determining an expected number of iterations expected
for repeating the first portion and the second portion of
the vapor-etch cyclic process.
24. A method of selectively etching oxides over nitrides 1n
a vapor-etch cyclic process, the method comprising;:
exposing a substrate to ammonia (NH,) and hydrogen
fluoride (HF) etchants 1n a vapor-phase chamber 1n a
first portion of the vapor-etch cyclic process for a
period of between 4 and 20 seconds, the substrate
having exposed oxide features and nitride features
formed thereon:
heating the substrate to remove etchant reaction products
from the substrate 1n a second portion of the vapor-etch
cyclic process; and
repeating the first portion and the second portion of the
vapor-etch cyclic process at least once;
wherein the oxide features are etched with selectively of
at least 50:1 relative to the nitride features.
25. The method of claim 24, further comprising deter-
mining whether a target oxide etch level has been reached.
26. The method of claim 235, further comprising;
based on a determination that the target oxide etch level
has been reached, ending the vapor-etch cyclic process;
and
based on a determination that the target oxide level has
not been reached:
exposing the substrate in a further iteration to the
ammonia (NH,) and hydrogen fluoride (HF) etchants
in the vapor-phase chamber; and
heating the substrate to remove additional etchant reac-
tion products from the substrate.

¥ ¥ H ¥ H



	Front Page
	Drawings
	Specification
	Claims

